ABSTRACT both fundamental and technological aspects of hybrid This paper studies effects of an electric field on the multifunctional material systems that offer structural capability mechanical response of unidirectional carbon fiber polymer and ballistic protection simultaneously. Therefore there is a matrix composites. The existing experimental evidence strong interest in investigation of possibilities for improvement suggests that exposure of a composite material to the of multi-hit survivability in the composites by application of electromagnetic field leads to changes in the material's strength the electric current and magnetic fields. The complex and resistance to delamination. We have analyzed the effects mechanical response of composite materials presents rich promoting this phenomenon: coupling of mechanical and possibilities for enhancing their structural properties by electromagnetic fields and Joule heat effects and develop an subjecting them to additional electromagnetic, thermal, experimental setup for impact tests of the composites carrying chemical, etc. treatment. In particular, the existing experimental an electric current. Experimental results of low velocity impact evidence [1] suggests that exposure of a carbon fiber polymer tests on unidirectional carbon fiber polymer composite plates matrix composite material to the electromagnetic field leads to carrying a DC electric current show that electrified composites changes in the material's strength and resistance to fail at higher impact load. Moreover, a larger electric field leads delamination. Snyder et al. [1] performed a series of to a larger impact load that may be sustained by the composite.
experiments to assess the effectiveness of laser photography in Finally, analysis of the Joule heat effects reveals that it is not a documenting the formation and propagation of cracks in primary mechanism for the strengthening phenomenon composite materials with and without electromagnetic loading. observed in the experiments.
Their preliminary results revealed that that the strength of a Key words: polymer matrix composites, DC electric current, composite material and its resistance to debris-induced fracture Joule heating, low velocity impact.
and delamination can be increased by the application of an electromagnetic field across the composite.
INTRODUCTION
The factors promoting this phenomenon may be related to Future technological advancements depend to a great deformation of composites due to coupling of mechanical and extent on the ability to optimize the existing materials and to electromagnetic fields and/or changes in the material properties utilize special properties of new materials in their associated with microscopic processes (Joule heat effects, multifunctional capacities. In this connection, there is an changes at the fiber-matrix interface) resulted from the immediate need in materials that are capable to provide at least application of an electromagnetic field to the composite one additional function or adapt their performance in material. Moreover, some studies on crack propagation in accordance to changes in the operating environment. For metals in the presence of an electric current advocate that an example, the critical importance of light-weight armor to the electric field may lead to the crack arrest due active dissipation military and civilian applications calls for in-depth studies of of energy at the crack tip where extensive plastic zone is investigations of the effects of an electric current on the u, = displacement components dynamic mechanical response of carbon fiber polymer matrix V = voltage composites. In the beginning we provide foundations of the x,y,z = spatial coordinates theory of electrically and mechanically anisotropic current-E = electrical permittivity tensor conducting solids. We focus our attention on the interacting 10 = electrical permittivity in vacuum effects of the mechanical and electromagnetic loads and also Joule heat effects. After that an experimental setup for impact permeability tests of the current-conducting composite panels is described P = density of the solid body and experimental results on unidirectional carbon fiber p, = charge density reinforced polymer matrix current-carrying composite plates p(f) = fiber density are discussed. p = matrix density = convection coefficient which are coupled through the Lorentz ponderomotive force I = electric current that represents the effects of an electromagnetic field in the = density of the external electric field solid body. = x component of the applied electric current
In this section we briefly dwell on the field equations for density the mechanically and electrically anisotropic solids subjected to the mechanical and electromagnetic loads. All the details of the = electric current density vector current discussion and derivations may be found in Zhupanska ky) = thermal conductivity of the fiber in the radial and Sierakowski [2, 3] . It is well known that there is an direction interaction of the mechanical and electromagnetic fields in the k(m) = thermal conductivity of the matrix electrically conductive solids when both mechanical and electromagnetic loads are applied. [2] and [3] the problems of the static and dynamic mechanical response of where 1 is the unit tensor of the second order, E is electrical DC and AC electric current-carrying composite plates in the permittivity tensor, a is electrical conductivity tensor, 6 0 is the presence of mechanical load and immersed in the magnetic field are considered. It is shown that electromagnetic field may permittivity in the vacuum, fi is the displacement vector, D is significantly enhance or reduce the deformed state of the the electric displacement vector, B is the magnetic induction composite plate depending on the direction of its application vector, k is the electric field vector, p, is the charge density and its intensity. Although the problems of interaction of mechanical and electromagnetic fields in solids have been (for electric conductors p, = 0), Y1 is the density of the studied in the past [4] [5] [6] [7] , the scope of these problems has been external electric field, V is the gradient operator, and limited mostly to metals and superconductors. Einstein's summation convention is adopted with respect to the Recently, changes in the local compression and index a. The third nonlinear term in Eq. (2) is due to deformation around the low velocity impact zone in a anisotropy in electrical properties (it vanishes when electric unidirectional current-carrying composite were studied in [8] . field is isotropic), and the last term attributes to the electric In this work the three-dimensional impact and electromagnetic current that the solid body carries. As one can see, the Lorentz loads induced stresses and displacements have been calculated. force in composites depends on the external electric and Analysis of the failure surface around the impact zone suggests magnetic fields, magnitude and orientation of the electric that the electromagnetic load may move the failure envelope, current with respect to the magnetic field, and velocity and the which in turn may lead to the composite failure at higher rate of deformation of the solid. mechanical load. Therefore, it is possible to amplify or Maxwell's equations read as counterbalance the effect of the mechanical load in composites by the specially applied electric current and magnetic field.
JOULE HEAT EFFECTS (3)
Here we discuss Joule heating in composites due to an divb = 0, curlH = + a!D externally applied electric field. Joule heating is especially at crucial in the mechanical response of electrified unidirectional carbon fiber polymer matrix composites that possess relatively and equations of the electromagnetic field in electrically low (in comparison to metals) electrical conductivity of fibers anisotropic but magnetically isotropic solids have the form and thermal conductivity of the matrix. Our objective is to determine the variation in the temperature across the thickness )=E(_ a of the carbon fiber polymer matrix composite plate due to an
electric current passing in the carbon fibers. _i A long cylindrical carbon fiber embedded in the polymer at at
where p is magnetic permeability, J is the current density vector, and / is the magnetic field vector, where Jx is electric current density, '(f) is electrical The system of governing equations (1) and (3) is conductivity of the fiber in the fiber direction. The electrical essentially nonlinear and coupled in the dynamic problems. But conductivity of the AS4 carbon fibers even in static problems, when equations of equilibrium (1) and is 'f) = 1x 1031/Omm, the electrical conductivity of Maxwell's equations (3) are not coupled, the Lorentz force (2) X 1.53 may be still present in (1) due to, for example, an externally c 1 applied DC current (the last term in (2)). For anisotropic thin copper, for instance, is 1.2 0l/Omm, and, according to plates the system of governing equations (1) and (3) may be (5) , it means that Joule heat density produced in the carbon fiber by a DC electric current is five orders of magnitude larger
Assume that the ratio of the thickness, h, to the width, a, of than that produced in the copper by the same current. Hence, in the plate is small and Newton's convection takes place at the polymer matrix composites even moderate DC electric currents plate's surfaces z = +h12, namely may lead to significant heating and subsequent alteration in the mechanical response.
T(in)>
In this section we evaluate the effects of Joule heating in.
electrified carbon fiber polymer matrix composites. The ay corresponding heat transfer problem between a conducting fiber and an insulator matrix is described by where h, is the convection coefficient between the plate and
Bthe surrounding air and Zoutside is the temperature of the krf)
Ir=_Q ±f surrounding air. The problem (7), (8), (9) 
fT(m) T(f. Here T°f) and T("') are temperatures in the fiber and matrix FIGURE 2. GEOMETRY FOR HEAT TRANSFER correspondingly, kYf) is the thermal conductivity of the fiber PROBLEM. in the radial direction that is assumed to be transversally isotropic, k(') is the thermal conductivity of the matrix, which
The following parameters were used in computations: fiber is isotropic, and hp is the thermal fiber/matrix contact bundle radius rb = 69.444p.m, fiber bundle spacing conductance. Note that hp = 0 if there is no thermal resistance d = 17.36 1pm (based on 62% fiber volume in the composite), between the fiber and matrix, c(f) and c(m) are specific heat of fiber thermal conductivity k,'f = 1.8 W/nK, matrix thermal the fiber and matrix correspondingly, and pf) and p (ml) are conductivity km) = 0.2 W/mK (epoxy matrix), fiber electrical fiber and matrix densities. The first equation of (6) must be conductivity axf) =I 1 10 3 1/Omm (as for AS4 carbon solved for fibers and the second equation of (6) ----------------- composite plates a strong temperature gradient appears as a result of application of a DC electric current. Figure 4 shows the temperature jump but at the same time temperature in the middle of the plate can Tmin -Toutside at the composite plate surface as a function of the reach as high as Tmax = 366.0676K = 92.920 C, when the plate thickness h under different current densities J,. As one electric current density is J, = 10x10 4 A/m2 . This may may see there is strong nonlinear dependence between the change, for example, the polymer matrix response from elastic electric current density and an increase in the temperature at the to viscoelastic. Moreover, the thermal stresses cannot be composite plate surface. The next sections contain the description of the 10 experimental setup and discussion of the experimental results 0 ' of the impact tests on the electrified carbon fiber polymer 
FIGURE 4. TEMPERATURE JUMP AT THE PLATE SURFACE VS. PLATE THICKNESS. EXPEPRIMENTAL SETUP
The experimental part of the work consists in low velocity Figure 5 shows the difference in the temperature in the middle impact tests of current carrying composite plates. The GRC of the plate (Tmn) and the plate surface (Tmin ) as a function of 8120 Drop Weight Impact Test Machine was used for testing.
the plate thickness under different current densities J . This is a gravity driven impact machine equipped with controls for release of the drop weight (crosshead) and motorized hoist mechanism for easy return of the cross head to a predetermined drop position. This machine offer impact energies up to 1554 ftlb (2105 J) and impact velocities up to 22.3 ft/s (6.9 m/s). An instrumented tup provides the measurement of force applied to a specimen by the falling drop weight assembly. One of the major challenges of the experimental part was to develop a setup that enabled for effective application of an electric current to carbon fiber polymer matrix composites. We used a wooden-aluminum plate clamping device in order to provide an electrical contact of the composite coupon with In order to improve electrical contact between copper bars and a 7-...ieldp ____ composite plate, the edges of the plate at the contact zones (Fig.  6 -. 7) were coated with an electroconductive material. Fig. 9 .
CE 4----------------------------------
Various electroconductive materials were tested in order to determine the one that provides a good electrical contact between copper bus bars and a composite plate. We have determined that the silver filled epoxy and indium tape allow for the lowest impedance interface. The measurements have also shown that the electrical resistance of the copper-composite interface decreases when compression is applied to the jointed elements. After compression is released the best results are obtained for silver filled epoxy. The results of measurements for 16-ply unidirectional composite coupons with various electroconductive materials are shown in Table 1 and Fig. 8 . was flat-ended cylindrical striker partially fabricated of 6 dielectric DELRIN® plastic. We used dielectric striker in order to avoid electrical contact between a striker and an impacted j 1 .
plate. The diameter and length of the striker were 0.5 in (12.7 mm) and 3.0 in (76.2 mm) respectively. In all three cases presented in Fig. 10 the plates were plate without perforation. The latter velocity was taken as V 50 .
EXPERIMENTAL RESULTS

IMPACT TESTS ON ELECTRIFIED COMPOSITES
broken by major cracks propagating in the polymer matrix The measured difference in magnitude of these two successive along the fiber direction. Therefore, the presence of an electric velocities was 1 ft/s (0.3048 m/s). All conducted impact tests current has not changed the failure mode in the composite. But were fully instrumented. An electric current was applied despite the similarity in the failure pattern, the impact load immediately before the impact tests.
sustained by the composite with no current applied and in the 
FIG. 11. EVOLUTION OF THE IMPACT RESPONSE OF UNIDIRECTIONAL GRAPHITE EPOXY COMPOSITE PLATE WITHOUT AND WITH A DC ELECTRIC CURRENT APPLIED TO THE PLATE IN THE FIBER DIRECTION. #4
The green line in Fig. 1 corresponds to the impact test with no electric current applied to the composite, the red line b)
corresponds to the impact test on the plate carrying 25 A DC current, and the blue line corresponds to the impact test on the composite plate carrying 50 A DC current. All three tests were conducted for the impact velocity 2.7 R/s (0.82 m/s) and height 1.4 in (3.5 cm). The maximum loads are the maxima of the spikes between 10 to 15 ms. The spikes at around 2.9 ms correspond to the force that causes incipient damage in the material (the so called incipient load). As one can see, application of the electric current increases plate's resistance to impact induced damage. When an electric current of 25 A and electric current within the range from 0 to 50 A. All three 50 A was applied to the composite plate, the maximum load, components of the magnetic induction, B. -in the fiber sustained by the composite plate, has increased up to 24.7% and direction, By-in-plane component perpendicular to the fiber 43.6% respectively. Moreover, both incipient and maximum loads increase when an electric current applied, direction, B. -transverse component perpendicular to the plate Figure 12 shows the force-displacement relations for the middle plane, were measured (see Fig. 1 for the reference of same experiments. The green line in Fig. 12 corresponds to the axes). The axial and transverse magnetic field probes were impact test with no electric current applied to the composite, the mounted in the center of the plate at h=0.16 in (4 mm) above red line corresponds to the impact test on the plate carrying 25 the plate surface. The results of the measurements are presented A DC current, and the blue line corresponds to the impact test in Table 2 and Fig. 13 . on the composite plate carrying 50 A DC current. whether or not a unidirectional composite plate carries an electric current.
In the spirit of our previous discussion of the As it is expected, By is the largest component of the MAGNETIC FIELD MEASUREMENTS magnetic field and B, is almost equal to zero. Besides this, The measurement of the magnetic flux density was there is a linear variation between the magnitude of an electric performed by Hall Effect Gaussmeter using transverse and current and its magnetic field. Such behavior of the magnetic axial magnetic field probes located near the surface of the field is predicted from the solution to the magnetostatic composite plate. The plate thickness was 0.18 in (4.5 mm) with problem. For the considered plate (Fig. 1) , the magnetostatic 32 plies of unidirectional carbon fiber mats, the plate problem is formulated as dimensions were 6 x 6 in (152.4 x 152.4 mm). An electric current was applied prior to each magnetic flux measurement by means of a regulated DC Power Supply that provided an curl f(i) = jX, div h(' = 0, (specimen # 4) led to the polymer matrix failure along the fiber (9) direction, and an extensive application of the current caused curl H(e) = 0, div!(e) = 0, significant Joule heating of the composite plate which resulted in the "localization" of the damage zone (perforation of the with boundary conditions plate across the fibers) and both fiber and matrix failure (specimen #3). Further we notice that according to our analysis !)(Is = H(e) [s, (10) of the Joule heating in the carbon fiber polymer matrix composite plate discussed above, there is a large temperature where the superscripts 'T' and "e" correspond to the interior gradient in the plate #3 due to extensive application of the DC wher th suersrips "" ad "e coresondto he nteior current. Under the conditions of the experiment #3 we may and exterior of the plate respectively and S is the plate surface.
expect Un d er ene in the e xper iment midde may
Although in the case of rectangular plate a simple analytical expect a 30'C difference in the temperature in the middle of the solution to the problem (9)-(10) does not exist, the structure of plate and at the plate surface. Therefore, if the measured the equations (9) and (10) immediately suggests that the temperature at the surface of the plate was 35.94°C, the magnetic field is a linear function of the electric current temperature in the middle of the plate is expected to be about density, which is a linear function of the electric current. 66 0 C. Figure 14 illustrates 4 7 th AIAA/ASME/ASCE/AHS/ASC Structures, includes procedure to apply an electric current, impact testing, Structural Dynamics & Materials Conference, paper #. along with the temperature and magnetic field measurements. A series of low velocity impact tests have been performed in order to assess the damage resistance of electrified carbon fiber polymer matrix composites. The tests have been carried out under 0 A, 25 A, and 50 A DC electric currents applied to the composites plates. The results of measurements have shown an increase in the impact resistance of the composites in the presence of the DC electric current. Moreover, we have observed considerable dependence of the impact-induced damage upon the intensity of the electric field applied to the composite: a larger electric field leads to a larger impact load that may be sustained by the composite. Analysis of the Joule heat effects reveals that it is not a primary mechanism for the strengthening phenomenon observed in the experiments.
